The present study demonstrated that the 38-kDa protein, instead of -crystallin (36 kDa), is expressed taxon specifically in the lens of Japanese tree frog (Hyla japonica). The 38-kDa protein was distinguished from -crystallin expressed in the lenses of bullfrog (Rana catesbeiana) and European common frog (Rana temporaria) immunochemically. Although the N terminus of the 38-kDa protein was blocked, the analyses of partial amino acid sequences showed that the protein was -crystallin. Analysis of cDNA sequence encoding -crystallin of the tree frog lens demonstrated that the deduced protein consisted of 329 amino acids including initial methionine and having 62.2 and 62.9% identity with -crystallin of camel and guinea pig lenses, respectively. The molecular mass of the deduced structure was calculated to be 35,564 Da. -Crystallin of the tree frog lens exhibited the intrinsic enzymatic activity of quinone reductase (EC 1.6.99.2, NADPH:quinone oxidoreductase). The crystallin specifically catalyzed the reduction of 9,10-phenanthrenequinone (K m , 42 M) using NADPH (K m , 60 M) as a cofactor. The enzymatic activity was inhibited by dicumarol, anti-coagulant drug, with IC 50 of 4 M. On gel filtration chromatography, the crystallin was recovered as 150-kDa molecular mass complex, indicating that the crystallin was homotetramer consisting of 38-kDa subunits. The crystallin gene was expressed specifically in the lens. These results show that taxon-specific crystallins such as -and -crystallins may be available for the biochemical discrimination of Hyla-and Rana groups among frogs.
from various enzymes during evolution. For example, ⑀-crystallin of duck lens, ␦-crystallin of chicken lens, and -crystallin of turtle lens retain intrinsic activity of lactate dehydrogenase, argininosuccinate lyase, or ␣-enolase, respectively (1, 2).
-Crystallin has been found in the lenses of European common frog (Rana temporaria) (3) and Japanese common bullfrog (Rana catesbeiana) (4) . The crystallin was probably converted from a member of aldo-keto reductase superfamily. Aldo-keto reductases such as aldose reductase, aldehyde reductase, and prostaglandin F synthase are monomeric enzymes having molecular masses ranging from 30 to 40 kDa (5-7). These enzymes catalyze the reduction of a variety of carbonyl compounds including 9,10-phenanthrenequinone using NADPH as a cofactor. -Crystallin is also monomeric protein having a molecular mass of 36 kDa and maintains NADPH binding capacity, but the crystallin completely lost the enzymatic activity. Even in Japan, 39 species of the frogs and toads were classified into 5 genera on traditional taxonomy using bone morphology, etc. (8) . However, the information for taxon-specific crystallin was limited to the Rana group. In this study, we chose Japanese tree frog (Hyla japonica) as the first approach for the new biochemical classification of frogs and toads based on taxonspecific crystallin structure. Indeed, a new type of taxon-specific crystallin was found in the tree frog lens, and here we will report the characterization of the structural, immunochemical, and enzymatic properties of the crystallin. The complete nucleotide sequence of its cDNA is also described.
EXPERIMENTAL PROCEDURES
Experimental Materials and Reagents-The Japanese tree frog was captured at a rice field in Fukui-plains, Japan. Lenses were removed and stored at Ϫ80°C. Superdex G-200 and the low molecular weight marker kit were obtained from Amersham Pharmacia Biotech. Martrex Gel Orange A was purchased from Amicon (MA). Dicumarol, human IgG, ovalbumin, and myoglobin were obtained from Sigma. NADPH (NADH) and 9,10-phenanthrenequinone were purchased from Oriental Yeast Co. (Japan) and Nakalai Tesque (Japan), respectively. Other reagents were of highest grade.
Purification of -Crystallin, as 38-kDa Protein and Quinone Reductase, from Japanese Tree Frog Lens-Japanese tree frog lens (40 mg) was homogenized in 0.5 ml of 0.1 M Tris-HCl buffer, pH 7.8, containing 0.5 mM EDTA, 1.5% glycerol, and 0.005% NaN 3 . The homogenate was centrifuged at 10,000 ϫ g for 15 min at 4°C. The recovered supernatant was applied to a Superdex G-200 column (1.6 ϫ 70 cm). Gel filtration chromatography was performed with the above buffer at room temperature. Quinone reductase-active fractions were pooled and dialyzed against 10 mM sodium phosphate buffer, pH 6.5, containing 0.1 mM EDTA, 2.5% glycerol, 1 mM 2-mercaptoethanol (Buffer A) overnight at 4°C. The dialyzed sample was applied on a Martrex Gel Orange A column (0.4 ϫ 3 cm) equilibrated with Buffer A at room temperature. Quinone reductase was recovered by affinity elution chromatography using NADPH under the following conditions: flow rate, 0.5 ml/min; first washed with 140 ml of Buffer A and then eluted with a linear * This work was supported by a grant-in-aid from the Ministry of Education, Science, and Culture of Japan, Research Aids from the Japan Diabetes Foundation, and the Ichiro Kanehara Memorial Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. Assay of Quinone Reductase-Quinone reductase activity was determined by the method of Rao et al. (9) with minor modifications. The assay mixture (300 l) contained 150 l of 0.2 M Tris-HCl, pH 7.8, 1.5 l of 10 mM 9,10-phenanthrenequinone ethanol solution, 3 l of 30 mM NADPH, 45.5 l of water, and 100 l of enzyme solution per well of a microplate (96 wells). The reaction was started by the addition of enzyme solution, and the rate of oxidation of NADPH at 30°C was measured at 340 nm using a microplate reader (model EL340, Bio-Tek). One unit of enzyme activity was defined as the amount of the enzyme that caused oxidation of 1 mol of NADPH per min. The value of 62,200 was used as molecular extinction coefficient of the nucleotide. The light path length of 300 l of the assay mixture in a well of microplate is 1 cm.
Protein Assay-The concentration of protein was determined by the dye-binding method described by Bradford (10) using bovine serum albumin as a standard.
SDS-Polyacrylamide Gel Electrophoresis-SDS-PAGE 1 (12.5% total acrylamide) of the enzyme was carried out by the method of Laemmli (11) under reduced conditions. Protein bands were stained with Coomassie Brilliant Blue (CBB) R-250. Western blotting was carried out with anti--crystallin antibodies according to the method described previously (4) .
Amino Acid Sequence Analysis-The amino acid sequence of N terminus of the purified protein was carried out by the automated Edman degradation using a protein sequencer (477A, Applied Biosystems) equipped with high performance liquid chromatography (130A). For determination of partial amino acid sequences, the purified protein (100 
FIG. 2. Superdex G-200 gel filtration chromatography of the crude extract of Japanese tree frog lens and SDS-PAGE analysis.
A, the crude extract (0.5 ml, 5.31 mg of total protein) of Japanese tree frog lens was subjected to Superdex G-200 (1.6 ϫ 70 cm column) gel filtration chromatography with a flow rate of 1 ml/min at room temperature. Collection of fractions (1 ml/tube) was started after 40 min. Protein was monitored by absorbance at 280 nm (solid line) and quinone reductase activities (closed circles) were measured as described under "Experimental Procedures." The fractions indicating by the thick solid line () were pooled for further purification. As reference, the position where the -crystallin of bullfrog lens appeared was indicated by the arrow (). Human IgG (150 kDa), ovalbumin (43 kDa), and myoglobin (17.6 kDa) were used as molecular weight markers. V o and V c indicate void and column volumes, respectively. B, SDS-PAGE of the fractions with odd numbers from 5 to 73 was performed under reducing conditions. Protein bands were stained with CBB R-250. The arrow with indicates -crystallin.
FIG. 3. NADPH affinity elution chromatography of -crystallin of the tree frog lens.
A, the pooled fraction (15.5 ml, 1.77 mg of total protein) described in the legend of Fig. 2 was dialyzed and applied to a Martex Gel Orange A column (0.4 ϫ 3 cm). Fractions (3.5 ml/tube) were collected with flow rate of 0.5 ml/min at room temperature. Linear gradient of NADPH was started at fraction 22. Protein was monitored by absorbance at 280 nm (solid line), and quinone reductase activities (closed circles) were measured as described under "Experimental Procedures." The fractions indicated by the thick solid line with were pooled as the purified crystallin and quinone reductase. B, SDS-PAGE of all fractions from 1 to 35 was performed under reducing condition. Protein bands were stained with CBB R-250. The purified -crystallin is indicated by arrow with . g) was digested with 1 g of lysyl endopeptidase in 100 l of 0.2 M Tris-HCl, pH 8.5, and 1 mM EDTA at 37°C for 24 h. The digestion was stopped by the addition of 5 l of trifluoroacetic acid. The peptides were purified by reversed-phase high performance liquid chromatography using a TSK Super ODS column (Tosoh, Japan) under the following conditions: flow rate, 1 ml/min; temperature, 50°C; solvent A, 0.05% trifluoroacetic acid; solvent B, 80% acetonitrile containing 0.045% trifluoroacetic acid; gradient, 0% B in 5 ml, 0 -60% in 120 ml; detection, 215 nm. The amino acid sequences of several purified peptides were determined by the method described above.
cDNA Sequencing-The total RNA of the tree frog lens (40 mg) was prepared by the method of acid guanidinium thiocyanate/phenol/chloroform extraction (12) . mRNA was purified using oligo(dT) 20 latex (Roche Molecular Biochemicals) (13) . The cDNA library of the tree frog lens was prepared with cDNA synthesis kit and cDNA PCR library kit (Takara, Japan) (14) . The cDNAs of the library have CA (5Ј-AGCGCGT-GGTACCATGGTCTAGAGTCGACTAAGTAGGT-3Ј) and RA (5Ј-CTG-ATCTAGACCTGCAGGCTCGAGTTTTTTTTTTTTTTTTTTTT-3Ј) linkers at 5Ј-and 3Ј-ends, respectively. Based on the determined partial amino acid sequences Gly 185 -Leu-Asn-Leu-Val-Met-Gln and Ile 299 -GlyPro-Glu-Tyr-Pro, degenerate primers UP1 (5Ј-GGNYTNAAYYTNGT-NATGCAR-3Ј) and LP1 (5Ј-TARTAYTCNGGNCCDAT-3Ј) were synthesized, respectively, and used for amplification of the frog -crystallin cDNA by degenerate PCR. By using the same primers, the PCR product was analyzed by direct sequencing. Referring to the partial nucleotide sequence obtained, primers LP2 (5Ј-GGGGTACCATTGCAGAGGTTA-CAATTGGCC-3Ј), UP2 (5Ј-GGGGTACCATGCAGAATGGAGCCCA-CAAAG-3Ј), and UP3 (5Ј-GGGGTACCAAGGAGACCAGTATTATCGG-3Ј) were newly designed. For the determination of upstream sequence of the cDNA encoding -crystallin, the PCR product generated with LP2 and CA primer (5Ј-CGTGGTACCATGGTCTAGAGT-3Ј) was inserted into pUC19 predigested with BamHI and KpnI, and resultant subclones were analyzed. For determination of downstream sequence including terminal codon, the PCR product generated with UP2 and RA primer (5Ј-CTGATCTAGACCTGCAGGCTC-3Ј) was also analyzed by direct sequencing using UP3.
Expression and Genomic Analyses-Northern and Southern blot analyses were performed by standard procedures. For Northern blot analysis, 5 g of total RNA purified from various tissues of H. japonica were electrophoresed on 1.5% agarose gel containing 2.0% formaldehyde. After transfer of RNA onto a nylon membrane, the membrane was probed with the 32 P-labeled 989 bp of -crystallin cDNA fragment spanning 69 -1058, in a solution containing 1 M NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1.0% SDS, 100 g/ml single-stranded salmon testis DNA, and 50% formamide for 16 h. Washing was done three times at 68°C with a solution composed of 0.1ϫ SSC and 0.5% SDS for 30 min. The filter was exposed to an x-ray film with an intensifying screen at Ϫ80°C for 8 h. The size of the -crystallin was estimated by the positions of rRNAs and in vitro transcripts of known genes. As an internal loading control, the ␤-actin expression was detected by crosshybridization to the 32 P-labeled human ␤-actin probe as above, except that a solution composed of 2ϫ SSC and 0.5% SDS was used for washing. For Southern blot analysis, genomic DNA prepared from the liver of H. japonica by proteinase K treatment was purified with phenol/ chloroform extraction. Sixty hundred g of DNA digested with various restriction enzymes were run on 0.7% agarose gel and transferred onto a nylon membrane and probed with the 32 P-labeled 230-bp EcoRV fragment of the -crystallin cDNA at 68°C, in a solution containing 1 M NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1.0% SDS, and 100 g/ml single-stranded salmon testis DNA for 16 h. Washing was done three times at 68°C with a solution composed of 0.1ϫ SSC and 0.5% SDS for 30 min. The filter was exposed to an x-ray film with an intensifying screen at Ϫ80°C for 140 h. (Fig. 1A) , the protein-staining profile of the crude extract of Japanese tree frog lens (lane 1) was similar to that of Japanese bullfrog lens (lane 2). -Crystallin of the bullfrog lens was clearly recognized as a single band with 36 kDa, and a taxonspecific crystallin with similar size to -crystallin was also recognized in the tree frog lens. However, the molecular mass of the taxon-specific crystallin of the tree frog lens was estimated to be 38 kDa, which was 2 kDa higher than that of -crystallin (36 kDa). Western blot analysis demonstrated that the 38-kDa crystallin did not cross-react with anti--crystallin antibody, and a slight amount of -crystallin was detectable in the tree frog lens (Fig. 1B) . As to lenses of black-spotted pond frog (Rana nigromaculata) and wrinkled frog (Rana rugosa), the results of SDS-PAGE and Western blotting were essentially identical to those of the bullfrog lens (data not shown). (Fig. 2) , the crystallin of the tree frog lens was recovered in a molecular mass of 150 kDa, indicating that the crystallin was a tetramer consisting of 38-kDa subunits. The elution profile of quinone reductase ( Fig. 2A) was completely parallel to that of the crystallin (Fig. 2B ). -Crystallin, monomeric protein, of the bullfrog lens was eluted just ahead of ␥-crystallin. At final step, the crystallin was co-purified in a single band with quinone reductase activity by NADPH affinity elution chromatography using Martrex Gel Orange A (Fig. 3) . Thus, the crystallin was purified as quinone reductase with a specific activity of 5.71 units/mg of protein, and the yield was 44%. Based on densitometric analysis of the SDS gel (Fig. 1A) , the content of the crystallin was estimated to be 7.4% of total water-soluble protein of the lens.
RESULTS

SDS-PAGE and Western Blotting of the Crude Extracts of Japanese Tree Frog and Bullfrog Lenses-On an SDS-PAGE
Purification of 38-kDa Crystallin of Japanese Tree Frog Lens-On a gel filtration chromatography
N-terminal, Partial Amino Acid and cDNA Sequences of 38-kDa Crystallin-N-terminal sequence analysis of the purified 38-kDa crystallin of the tree frog lens was repeated, but no amino acid residue was detected, indicating that the N terminus was blocked. Partial amino acid sequences of five peptides derived by lysyl endopeptidase digestion showed that the crystallin was homologous to taxon-specific -crystallins of camel and guinea pig lenses with the intrinsic quinone reductase activity (15, 16) . The cDNA encoding -crystallin of the tree frog lens had 1,223-base pair nucleotides including a 987-base pair open reading frame (Fig. 4) . The primary structure composed of 329 amino acids including initial methionine was deduced and showed 62.3 and 62.9% identity to those of -crystallins of Camelus and Cavia, respectively. The molecular mass of the crystallin was calculated to be 35,564 Da.
Kinetics of -Crystallin as Quinone Reductase of Japanese Tree Frog Lens-When 9,10-phenanthrenequinone was used as the substrate for quinone reductase, -crystallin of the tree frog lens showed a typical Michaelis-Menten kinetics in the presence of NADPH as a cofactor (Fig. 5) . The K m value for the substrate was estimated to be 42 M. Dicumarol, anti-coagulant drug, strongly inhibited the enzymatic activity with an IC 50 of 4 M (data not shown). The substrate specificity of -crystallin of the tree frog was summarized in Table I . The crystallin preferred 9,10-phenanthrenequinone as the best sub- Concentrations of 9,10-phenanthrenequinone used as the substrate for quinone reductase were 8, 10, 13.5, 22, and 50 M. Concentration of NADPH was fixed to 0.3 mM. The other assay conditions were according to those described under "Experimental Procedures." The inset is a Lineweaver-Burk plot. The K m value for 9,10-phenanthrenequinone was estimated to be 42 M.
TABLE I
Substrate specificity of quinone reductase/-crystallin from Japanese tree frog lens 9,10-Phenanthrenequinone-reducing activity (209 milliunits/300 l of assay mixture) was taken as 100%, and reducing activities for other substrates were indicated as relative activity (%). Dichlorophenyl indophenol-reducing activity was determined as a decrease in absorbance at 630 nm. The value of 21,090 was used as molecular extinction coefficient of the substrate at 630 nm. Prostaglandin D 2 , E 2 , and H 2 reducing activities were estimated by the method of Watanabe et al. (22) , using the present assay buffer of 0.1 M Tris-HCl, pH 7.8, instead of 0.1 M sodium phosphate, pH 6.5. NADPH and NADH were estimated with 50 M 9,10-phenanthrenequinone as a substrate. -Crystallin of Japanese Tree Frog Lensstrate and specifically required NADPH as a cofactor. Dichlorophenyl indophenol was also a substrate, but 1,4-quinones such as menadione, p-quinone, 2-chloro-1,4-benzoquinone, and 2-hydroxy-1,4-naphthoquinone were not good substrates for the crystallin. The substrates for aldo-keto reductase such as p-nitrobenzaldehyde, xylose, prostaglandin D 2 , prostaglandin E 2 , and prostaglandin H 2 , except 9,10-phenanthrenequinone, were hardly reduced.
Analyses of the Crystallin mRNA and the Gene Copy Number-The distribution of the -crystallin mRNA was investigated by Northern blot analysis. Among the tissues analyzed, the expression was detected only in the lens, showing a single transcript species of ϳ1,300 nucleotides in length (Fig. 6) . The size of the -crystallin transcript corresponded well with that of the isolated cDNA. Other tissues were negative for the expression even after longer exposure (data not shown). These data indicated that the -crystallin gene is expressed specifically in the lens of H. japonica. The expression level is high but not so extraordinary, because 5 g of lens total RNA was sufficient for the detection by 8 h of exposure to an x-ray film with an intensifying screen.
Genomic Southern blot analysis was carried out to see if the -crystallin gene is present in multiple copies in the H. japonica genome. As shown in Fig. 7 , the radiolabeled 230-bp EcoRV fragment of the -crystallin cDNA spanning 828 -1058 detected two or three bands in each lanes. It is likely that the gene copy number in H. japonica is one or at most three, rather than highly multiple, although the genomic structure of the -crystallin gene of H. japonica is not yet clear. DISCUSSION We demonstrated that -crystallin, as a new type of taxonspecific crystallin in amphibian, was expressed in the lens of Japanese tree frog (H. japonica). On the other hand, -crystallin is known as the taxon-specific crystallins of Japanese bullfrog (R. catesbeiana) (4) and European common frog (R. temporaria) (3). Moreover, -crystallin is present in the lenses of black-spotted pond frog (R, nigromaculata) and wrinkled frog (R, rugosa). There is also the possibility that different types of crystallins are present in the lenses of frogs in other genera. As shown in Fig. 1 , the difference between Japanese tree frog and bullfrog lenses was focused on the expression of each individual taxon-specific crystallin, -crystallin and -crystallin, respectively. It seems probable that, during evolution from a common ancestor family, Hyla selected quinone reductase as -crystallin, whereas Rana chose aldo-keto reductase as -crystallin. Therefore, these enzymes have presumably served as housekeeping enzymes before their conversion to crystallin in lens.
Interestingly enough -crystallin, characteristic of camelid and hystricomorph rodents, is expressed in a phylogenetically distant amphibian H. japonica lens. On the other hand, only -crystallin has previously been known as taxon-specific crystallin of frogs. The life history and environment of Hyla are similar to those of Rana and distinctly different from those of camel and guinea pig. The evolutionary reason of the peculiar occurrence of -crystallin in Hyla, Camelus, and Cavia is presently unknown.
-Crystallin belongs to the superfamily of aldo-keto reductase, but the crystallin lost enzymatic activity probably during its molecular evolution (4). -Crystallin of the tree frog lens as well as those of camel and guinea pig lenses (9, 17) showed intrinsic enzymatic activity of quinone reductase. It is expected that overexpression of quinone reductase as -crystallin does not affect the physiological functions of lens. However, it is known that structural disorder of -crystallin with catalytic defect causes congenital nuclear cataract in the lens of the strain 13/N guinea pig (18, 19) . Thus, the structure with enzymatic activity might be involved in function of the -crystallin in lens.
Although, -crystallin lost enzymatic activity, it is interesting that -and -crystallins retain NADPH-binding capacity as a common character. The tree frog lives on leaves and twigs of small shrubs and grasses in non-breeding seasons and on a waterside in breeding seasons. The bullfrog always lives on a waterside. Because, the waterside is an environment with much ultraviolet radiation, there is the possibility that NADPH in lenses of both frogs efficiently absorbs ultraviolet light and protects from toxicity caused by the irradiation. Interestingly, the nucleotide is present as crystallin binding form at least in Rana frogs 2 as well as in guinea pig (20, 21) . These situations suggest that both frogs, which are not able to live away from the waterside, may be adapted to an ultraviolet-rich environment.
In hystricomorph rodents and camelids, -crystallin gene is active in various tissues, besides lens (15, 16) . Expression of the Hyla enzyme crystallin is, however, lens-specific and undetectable even in liver and kidney. Loss of the crystallin transcript in these organs by nuclease action is unlikely, because ␤-actin mRNA as an internal control is clearly detectable. Environmental factor(s) such as ultraviolet light and endogenous radicals might facilitate maintenance of the quinone reductase and/or NADPH binding activities of this structural protein in the frog. Although precise number of Hyla -crystallin gene is unknown, the present results of Southern blot analysis are not inconsistent with single copy. Since this protein fell into disuse in other tissues, expression in this frog lens might occur without gene duplication.
